For cost-sensitive markets, port fuel injection is still an important injection concept even though disadvantages compared to direct injection are well known. In the context of future emission legislations, it is necessary to further optimize port fuel injection engines with respect to particulate and gaseous emissions. When comparing direct injection and port fuel injection regarding particulate emissions, advantages for port fuel injection are reported in majority of published investigations; however, significantly high particulate number emissions were also observed for port fuel injection. The work presented here focuses on the particulate formation mechanisms during dynamic engine load changes. Experiments are performed at both warm and cold engine conditions. Parameters such as injection timing, engine load, and the intensity of charge motion are varied in order to evaluate possible optimization measures regarding particulate number. Furthermore, different injectors with varying spray targeting are tested. Particulate formation mechanisms during dynamic load changes are analysed using high-speed video endoscopy; therefore, optical access to both the intake channel and the combustion chamber is set up. The optical access within the intake manifold towards the intake valves allows for the observation of the interaction of air flow and fuel spray. The endoscopic access to the combustion chamber facilitates the localization of particulate number sources by means of soot luminosity. By combining a parameter study with high-speed imaging techniques, a profound understanding of the underlying mechanisms leading to particulate number emissions is acquired.
Introduction
Spark ignition (SI) port fuel injection (PFI) engines are still a highly relevant part of current powertrains. In estimations published by the Environmental Protection Agency (EPA), a market share of 51% was predicted for PFI engines in light-duty vehicles in the United States for 2016. 1 According to an analysis prepared by Bosch, 2 market share of vehicles below 6 t and equipped with PFI was as high as 70% worldwide. For costsensitive market segments of small-to medium-sized passenger cars, PFI presents an attractive solution considering the moderate complexity of the fuel system.
The technical challenge of reducing particulate number (PN) emissions of SI engines is mostly discussed in the context of direct injection (DI) engines. In order to achieve a further decrease in pollutant emissions from combustion engines, a more detailed understanding of particulate emissions and particulate formation is needed also for PFI engines.
When directly comparing PFI and DI engines with respect to PN emissions, a significant advantage for PFI is reported in the literature. 3, 4 However, significantly high PN emissions were also observed for PFI through both engine dyno studies [5] [6] [7] and vehicle measurements. 8 Optical investigations in Merola et al. 9 and Merola and Vaglieco 10 were performed on a singlecylinder engine, which gave clues to particulate formation occurring near the intake valves. Previous work has shown that turbocharged PFI engines display significantly high PN emissions at high engine loads, especially in the boosted area of the engine map. Three mechanisms for the soot formation at warm engine conditions and stationary operation were identifiedfuel wall films in the crevice of the intake valves, especially for closed-valve injection (cVI); fuel wall films on the cylinder liner, especially for open-valve injection (oVI); and locally rich zones within the gas phase due to insufficient homogenization of the fuel-air mixture. 11 The question arises to what extend these findings are applicable for dynamic engine operation and the condition of cold engine. This shall be answered by the work presented in this article. Both the condition of cold engine and dynamic accelerations contribute significantly to the total PN emissions during drive cycle tests on roller dynamometers, which are relevant for legally mandatory-type approval tests.
Experimental setup and methodology

Experimental setup
The investigations are performed on a turbocharged 2.0 L four-cylinder SI engine. The specifications of the research engine are described in Table 1 . All measurements are conducted using RON 95 fuel with an ethanol content of 10%. Four Bosch EV14 fuel injectors are mounted within the intake manifold at a typical position near the gasket between manifold and cylinder head.
For the acquisition of pressure traces of the combustion chamber, the intake ports, and the exhaust manifold, the engine is equipped with piezoelectric and piezoresistive pressure indicating sensors. PN emissions are recorded using two devices simultaneously. For a temporally highly resolved measurement at 10 Hz, a Cambustion DMS500 featuring a short step-response time of t 10%-90% ; 300 ms is used. The probe head extracting the raw exhaust gas is positioned downstream of the turbine and upstream of the catalyst. This position is the shortest possible distance to the exhaust valves that allowed for the detection of transient effects. Additionally, for comparisons and reference with previous investigations, the second device used to record PN emissions is a Horiba SPCS2100 in conjunction with a TSI condensation particulate counter. The probe of the SPCS2100 is located downstream the catalyst and upstream of the final muffler. Particulates greater than 23 nm are counted at a data frequency of 1 Hz, although its step-response time of t 95% ; 3000 ms is comparatively slow.
The radiation emitted by soot particulates has its highest energy density in the near infrared area of the colour spectrum at temperatures occurring inside the combustion chamber. 12 The radiation energy in the visible range of the spectrum, being red to yellow for soot luminosity, is still high enough to be detected by cameras.
To localize the particulate formation by means of the characteristically yellow to red diffusion flames, optical access is set up to the combustion chamber of cylinder 4. Additional optical access into the intake manifold is prepared to allow for the observation of injection events of said cylinder. The details of the optical setup are schematically shown in Figure 1 .
Two high-speed cameras, operating at a frame rate of 6000 fps, were used simultaneously. For the images within the intake port, a Photron AX200 black/white camera is employed; and for the view into the combustion chamber, a Photron AX200 colour camera is utilized.
Methodology
During drive cycle tests on roller dynamometers, it becomes apparent that most of the PN emissions occur during dynamic accelerations. The objective of this study is to acquire an understanding of particulate formation during transient load changes of PFI engines. For this purpose, accelerations of the vehicle are simulated by load steps on the engine dynamometer. The load step was conducted instantaneously in order to evaluate the most critical case in terms of emissions, thus producing the highest possible gradient for engine load.
The desired engine temperature was achieved by conditioning the coolant water; the oil temperature results at a slightly higher level. To achieve the target load as precisely as possible, even for highly dynamic load variations, the parameters for throttle valve and wastegate are obtained in advance for both the low load and the high load. Furthermore, errors in the mixture control, which may occur even during stationary operation due to imperfect fuel or air path calibration, are adapted and compensated for both load levels prior to commencing measurements. The mixture control by the engine control unit (ECU) is active during the load-step measurements. Since several Bosch EV14 injectors with varying fuel spray characteristics are tested, the transient compensation functionality of the mixture control is deactivated. Otherwise, a recalibration of the transient compensation functions would be required for each spray layout. In addition, by disabling the transient compensation function, the results obtained are independent of calibration data quality. Measurements conducted with each parameter set, which contained varying target loads, engine temperatures, injection timings, inclination of the charge motion flap (CMF), and the injector type, are repeated three times for every load step. Reproducibility and comparability are maintained by strictly following certain waiting times. Especially for operation under cold engine conditions, waiting times for conditioning are crucial.
The high load level is maintained for 60 s, and during that time, the engine oil temperature increases by approximately 5°C. After the negative load-step back to the low load level, a cooling time of 180 s is defined before the next load step is triggered. As seen in Figure 2 , by implementing an automated test procedure for the engine dynamometer, the mean variation of the oil temperature is under 2 K for all load steps with cold engine from indicated mean effective pressure IMEP 1 = 2 bar to IMEP 2 = 10 bar, for example.
All measurements are conducted at an engine speed of 2000 min -1 and a fuel pressure of 3 bar. All parameters are kept constant during the load-step measurements with the exception of the engine load and its corresponding ignition timing. This applies to the timings of intake-and exhaust camshaft, position of the CMF, and injection timing.
Parameter variations for load steps. In the following section, the influencing parameters (dashed box on the right of Figure 3 ) are evaluated in terms of their effectiveness for emission reduction during dynamic load steps for the chosen boundary conditions (left box in Figure 3 ). The parameters and boundary conditions are briefly described.
Description of variation parameters. The value 35°C represents the mean engine oil temperature, which can be reached reproducibly at the engine dynamometer by conditioning of the coolant water. Each load step is always started at the low load of IMEP 1 = 2 bar and the corresponding manifold pressure p inm = 345 mbar. The indicated mean pressures for the high load (IMEP 2 ) are chosen in such a way that the lowest value IMEP 2 = 6 bar lies within the naturally aspirated load area of the engine map (p inm = 630 mbar), the mean value IMEP 2 = 10 bar is close to the transition area to the boosted operation (p inm = 950 mbar) and the highest load IMEP 2 = 12 bar is definitely in the boosted area (p inm = 1200 mbar).
In this study, five injector samples with different spray targetings (injectors A-E), also called spray layouts, were used and can be seen in Table 2 .
As visualized in Table 2 , mainly two spray parameters are varied, the a 50 -angle and the b 80 -angle (see Figure 4 ). The resulting mean droplet diameter of the spray, which is weighted by the volume fraction, is quantified by the Sauter mean diameter (SMD). The SMD was measured using n-Heptane at a fuel pressure of 3 bar at a distance from the injector tip of 50 mm.
The definitions of the spray angles are sketched in Figure 4 . For EV14 PFI injectors with two spay cones, the so-called E-Type, the a 50 describes the angle between the two spray cones. Within this angle, 50% of the injected fuel mass is expected. The b 80 -angle describes the angle of the individual spray cones, where 80% of the fuel mass can be found within this angle. If the spray plane is tilted relative to the middle axis of the injector body, the g-angle is used to quantify it. This tilt can be necessary due to the mounting position and the orientation of the injector in the intake manifold, as it is the case for the research engine of this study.
In terms of injection timing, a differentiation is needed for PFI between early injection timings resulting in cVI and late injection timings which lead to oVIs; cVIs are achieved by injecting so early that both the start of injection (SOI) and the end of injection (EOI) occur before the intake valves open. For the cVI strategy, an EOI of 300°CA before intake valves close (b. IVc) is chosen in this study. In this case, the fuel is injected onto the closed intake valves and only enters the combustion chamber once the valves open. For the measurements with oVI, a very late EOI of 48°CA b. IVc was applied, where fuel is injected past the open intake valves into the combustion chamber. If the injection time is longer than the opening event of the intake valves, a fraction of the injected fuel mass has to be injected before the intake valves open. This is the case for the high load if IMEP 2 = 12 bar, for example.
As schematically shown in Figure 1 , the research engine features a CMF. Its orientation in the intake manifold can be inclined as shown in Figure 1 , where the tumble enhancement is activated. This leads to a stronger tumble flow in the combustion chamber and increases the flow velocity in the intake ports. If the CMF is deactivated, its orientation is flat, near the bottom of the intake manifold, and not obstructing the cross sectional flow area of the ports.
Results
The injection timing is first fixed at EOI = 300°CA (cVI) and the CMF left deactivated using injector A, to determine the influence of the target load and the engine temperature for one injector sample. Looking at Figure 5 , the three repeated load steps were shifted along the x-axis to produce a superimposed depiction (thin lines). The mean values are represented with bold lines. On the y-axis of the main diagram, the PN concentration, measured by the fast responding DMS500, is shown. The 'accumulation-mode' PN concentration is used for the evaluation, as very small particulates, which are accounted for in the 'nucleation-mode', are deliberately excluded. This approach is chosen to rule out that volatile droplets are counted as particulates. Due to the layout of the DMS500, it cannot be guaranteed that all volatile components of the exhaust gas are The shaded parts help identify the relevant numbers for each parameter variation.
evaporated before the measurement. A 'volatile particle remover (VPR)' implemented in the Horiba SPCS2100 is not present in a DMS500. In addition to the dilution of the exhaust gas, the VPR evaporates as many volatile constituents as possible by inducing temperatures of up to 350°C. In a DMS500, a heated line downstream the probe head at 150°C combined with the adjustable dilution of the exhaust gas is supposed to avoid condensation and evaporate the majority of volatile components. Figure 5 shows that by increasing the target load IMEP 2 , PN emissions increase for both cold and warm conditions. At low initial load of IMEP 1 = 2 bar, the PN emissions can hardly be distinguished from the noise of the measuring device, as PN concentrations are not significant. This was also the case for the lowest target load of 6 bar at the warm engine condition. The reason for the signal noise is a result of the chosen dilution of raw exhaust gas. This dilution is a compromise to ensure that fouling of the measuring device can be avoided safely, even for high loads and high PN emissions. A PN-peak can be noticed for the negative load step, arising when the highest load of 12 bar is dropped back to 2 bar for the warm engine condition. This is due to the rich air-fuel ratio, which occurs for a short period of time, as the transient compensation is deactivated. This PN-peak can thus be avoided by calibrating the wall film models within the transient compensation functionality of the ECU.
The wide span of measured PN concentrations is noteworthy as the values for low load and warm engine to high load and cold engine range over four orders of magnitude. Since the load step into the boosted operation to IMEP 2 = 12 bar seems to be the most critical in regard to PN emissions, this load step is investigated further regarding other influencing parameters.
In Figure 6 , the PN emission results from injector A are shown for cold and warm engine. For better clarity, only the mean values of three overlain load steps are displayed. Using a linear y-axis scale, the different trends of the PN traces can be observed more easily than in Figure 5 . An unusual, steadily inclining curve of the PN concentration is observed, in particular, for measurements under warm engine and cVI conditions. Under cold engine conditions, the typical decay over time is observed.
An advantage for the oVI strategy is visible for both engine temperatures for high engine load. By activation of the CMF, a further improvement is achieved regarding PN emissions. When the CMF is activated combined with cVI, the differences in PN emissions are negligible. Therefore, this parameter combination is excluded from further evaluations. The potential for PN reduction by the combination of oVI and activation of the CMF is substantial though.
Due to an unavoidable change in DMS500 devices while in the process of conducting measurements, comparisons with different injector samples featuring different spray layouts were completed using PN concentrations obtained from the Horiba SPCS2100 since -as opposed to the DMS500 -the same SPCS2100 device was used throughout all measurements of this study. Figures 7 and 8 show the summary of the parameter study for all injectors regarding mean values of PN emissions. Especially for cVI, deactivated CMF, and warm engine, the spray layout appears to have strong leverage regarding PN. The PN concentration of the best injector (injector D) and the worst (injector C) differs by a factor of more than 100, for this very common set of parameters. For both warm and cold engine conditions, the combination of oVI and inclination of the CMF shows the highest potential for PN reduction. Injectors D and E, which are designed for wider b 80 angles, lead to the lowest PN emissions. For injectors B and C, the increase in a 50 angles while keeping b 80 angles constant results in a disadvantage regarding PN for most cases. The understanding for these interactions of spray layouts and resulting PN emissions shall be analysed by means of high-speed video endoscopy.
Analysis of particle sources by means of high-speed video endoscopy
In the following chapter, a few soot formation mechanisms are discussed exemplarily, which could be studied through video endoscopy. On the left half of each image, the view of the intake port endoscope is visible, focusing on the right intake port channel of cylinder 4. On the right half, the view of the combustion chamber endoscope is shown, orientated towards the intake valves. In order to obtain an understanding of the large differences in PN emissions, injector E -a high performing injector -is compared with injector B -a poor performing injector -for the warm engine conditions in Figure 9 .
For injector B, diffusion flames are clearly visible on the outwardly oriented sides of the intake valves marked with the dashed circles in Figure 9 . This location is in good agreement with the optically assessed centre of fuel spray mass of injector B (black full line). Driven by the wide a 50 angle while maintaining a narrow b 80 angle, the fuel is transported to the outer sides of the intake port before the intake valves. Injector C behaves very similar in this regard. The spray layout of injector E, which is more oriented towards the middle of the intake port (dashed black line), features the smallest droplet size, and soot forming diffusion flames can be avoided almost entirely (white arrows).
Injectors A and D are chosen for a comparison at cold engine and oVI in Figure 10 . For both injectors, a cylinder liner wetting on the outlet valve side of the combustion chamber is observed, which is typical for oVI. Especially for cold engine, this leads to intense diffusion flames. However, this is by far more pronounced for injector A. Since most of the wetted cylinder liner area lies outside the field of view of the combustion chamber endoscope, there is a risk of underestimating these observed flames in terms of PN emissions. The optical impression corresponds well with the measured PN concentrations in this case though. Also for this parameter set, diffusion flames are visible near the intake valves.
The best combination of parameters in terms of PN (oVI + CMF = 1) is shown in Figure 11 using injector C. It is worth mentioning that no significant diffusion flames originate from the most common critical areas in the combustion chamber, being the intake valve seats and the cylinder liner. Instead, diffusion flames occur as a consequence of piston wetting in the vicinity of the top land for the first time (white dashed circle). Furthermore, single flamelets appear due to locally rich zones within the gas phase. However, the low PN emissions measured from this parameter set show the advantages of reduced fuel wall films at the intake valves and the cylinder liner, and outweighs the minor piston wetting and the small flames in the gas phase. With the assumed warm-up of the piston during the waiting time on the high load level, the PN-Source on the piston diminishes continuously. 
Summary
In the work presented here, the particulate formation and approaches for PN reduction were investigated on a turbocharged PFI research engine. The extensive parameter study showed that for cold and warm engine conditions, a combination of oVI and activation of the CMF was favourable for high engine loads. In general, a strong influence on PN emissions was observed by engine load and reduced engine temperature. The influence on PN by different injector spray layouts was found to depend on the injection timing and the applied charge motion. For the typical cVI without tumble enforcement (CMF = 0), PN emissions from different injectors varied by factors of up to 10 for the warm engine condition and by factors of 2 for cold engine conditions, respectively. For oVI combined with tumble enforcement (CMF = 1), the influence of the injector sprays is much smaller for both cold and warm engine conditions. Furthermore, injectors with wide b 80 angles and low SMD facilitated the reduction of PN emissions. A combination of wide a 50 angle and narrow b 80 angle was found to be counterproductive though. By means of high-speed video endoscopy, four locations of soot forming diffusion flames were observed: locally rich zones during the gas phase; the vicinity of the intake valves for cVI; the area of the cylinder liner close to the outlet valves for oVI; and rarely the piston near the vicinity of the top land. A few of the open questions remaining shall be addressed briefly. One of which is the unknown potential for PN emissions reduction by spray angle optimisations at constant droplet diameters (SMD). Analysis of the cold start of PFI engines as well as more detailed approaches for further reduction of PN emissions are additional topics to be investigated in the future. Figure 11 . Activated CMF, closed-valve injection (cVI), and cold engine with injector C.
